The radical ion chemistry of a suite of S-nitrosopeptides has been investigated. Doubly and triply-protonated ions of peptides NYCGLPGEYWLGNDK, NYCGLPGEYWLGNDR, NYCGLP-GERWLGNDR, NACGAPGEKWAGNDK, NYCGLPGEKYLGNDK, NYGLPGCEKWYGNDK and NYGLPGEKWYGCNDK were subjected to electron capture dissociation (ECD), and collisioninduced dissociation (CID). The peptide sequences were selected such that the effect of the site of S-nitrosylation, the nature and position of the basic amino acid residues, and the nature of the other amino acid side chains, could be interrogated. The ECD mass spectra were dominated by a peak corresponding to loss of
Introduction

S
-nitrosylation is a ubiquitous post-translational modification (PTM), fundamental for function and modulation in a wide array of proteins [1] . S-nitrosylation is formed by the reaction of nitric oxide (NO)-a signaling molecule that plays a diverse role in physiological processes e.g., immunological response, neurotransmission, and vascular homeostasis-with thiol functional groups on cysteine amino acid residues. The S-NO bond is highly labile. The average bond dissociation energy is 20-28 kcalmol -1 [2] (cf. RS-SR 70-74 kcalmol -1 [3] ). Homolytic cleavage of the bond is observed following UV irradiation in solution [4] and collision-induced dissociation (CID) in the gas phase [5] . The characterization of S-nitrosylation is technically challenging, and methods have been reviewed by Torta et al. [6] . Li and co-workers described an electrospray Q-TOF strategy for direct analysis of S-nitrosylation, which relied on specific buffer conditions and mass spectrometry parameters [7] . Alternatively, the S-NO can be converted to an S-detectable tag e.g., the biotin switch method [8] , the SNOSID (SNO Site IDentification) method [9] , or the SHIPS (Site-specific High-throughput Identification of Protein S-nitrosylation) method [10] . Electron capture dissociation (ECD) [11, 12] mass spectrometry, and its sister technique electron transfer dissociation (ETD) [13] , have emerged as useful methods for the analysis of protein PTMs, including phosphorylation [14, 15] , and glycosylation [16, 17] . Nevertheless, ECD is not universally appropriate for the characterization of PTMs (e.g., tyrosine nitration [18] ). In peptide/protein ECD, low energy electrons are captured by multiply-charged cations with subsequent cleavage of disulfide S-S and peptide backbone N-C α bonds i.e., cleavage is radically driven. ECD is believed to occur via the Utah-Washington (UW) mechanism [19, 20] in which initial electron capture to a high-n Rydberg state is followed by transfer to either a Coulombicstabilized amide π* orbital, rendering the amide bond superbasic, or a S-S σ* orbital. The superbasic amide anion radical or disulfide anion radical leads to N-C α or S-S bond cleavage before ultimately abstracting a proton from an accessible site resulting in c and z
•
, or SH and S
, fragments. Few studies have extensively investigated the effect of Snitrosylation on MS/MS. Hao and Gross [5] investigated the CID of two S-nitrosopeptides derived from hemoglobin, one a truncated version of the other. They showed that the dominant fragmentation pathway was the neutral loss of [21] . Here, we investigate the radical ion chemistry of a suite of Snitrosopeptides. Doubly-and triply-charged S-nitrosopeptide ions were subjected to electron capture dissociation. The fragmentation observed is discussed in terms of the UW mechanism. Molecular dynamics simulations, which allow the prediction of the peptide ion structures, suggest that the surface accessibility of the protonated residues in the folded peptide determine the fragmentation patterns, due to either an increase in Coulombic stabilization consistent with the UW mechanism, or an inability to interact with the S-N bond hence favoring N-Cα bond fragmentation.
The S-nitrosopeptides were also subjected to CID, and in agreement with previous findings [5, 22] , the dominant fragmentation channel was loss of • NO. The long-lived radical peptide ion was subjected to ECD, providing an interesting comparison with ECD of the unmodified (hydrogen abundant) peptide. ECD of the radical peptide ions resulted in a greater relative abundance of the charged-reduced precursor (the ECnoD ions). Finally, the radical peptide ions were subjected to further CID resulting in side chain losses and both radicalinduced and charge-directed fragmentation.
Methods
Preparation of Synthetic Peptides
The peptides NYCGLPGEYWLGNDK, NYCGLPGEYWL GNDR, NYCGLPGERWLGNDR, NACGAPGEKWAGNDK, NYCGLPGEKYLGNDK, NYGLPGCEKWYGNDK, and NYGLPGEKWYGCNDK were synthesized by Alta Bioscience (Birmingham, UK) and Bachem (Weil am Rhein, Germany) and used without further purification. S-nitrosylation procedure was adapted from [5, 7] : 0.3 mg of each peptide was dissolved in 900 μL of 1 mM EDTA (Fisher Scientific, Leicestershire, UK) and 0.1 mM neocuproine (Sigma-Aldrich, Dorset, UK), and reacted with 100 μL 1 mM GSNO (Sigma-Aldrich) for 30 min at 39°C in the dark. The reaction was quenched by freezing at −80°C and no further purification was completed. The peptides were diluted to 2 pmol/μL in 49:49 % methanol (Fisher Scientific): water (J. T. Baker, Deventer, The Netherlands), and 2 % formic acid (Fisher Scientific).
Mass Spectrometry
All mass spectrometry experiments were performed on a Thermo Fisher LTQ FT Ultra mass spectrometer (Bremen, Germany). Samples were injected by use of an Advion Biosciences Triversa electrospray source (Ithaca, NY, USA) at a flow rate of~200 nL/min. All mass spectra were acquired in the ICR cell with a resolution of 100,000 at m/z 400.
CID
CID experiments were performed in the linear ion trap and the fragments transferred to the ICR cell for detection. Automatic gain control (AGC) target was 2×10 5 with maximum fill time 1 s, isolation width was m/z 5. CID experiments were performed with helium gas at normalized collision energy 35 %, except for triply-charged S-nitrosylated peptides where 12 % was used. MS 3 CID was completed under the same conditions except an isolation width of m/z 10 was used for triply-charged S-nitrosylated peptides. Each MS/MS CID scan comprises 4 co-added microscans and each MS 3 CID scan comprises 10 co-added microscans. CID mass spectra shown comprise 30 average scans.
ECD
Precursor ions were isolated in the linear ion trap and transferred to the ICR cell for ECD. AGC was 2×10 5 with maximum fill time 1 s and the isolation width was m/z 5. Electrons for ECD were produced by an indirectly heated barium-tungsten cylindrical dispenser cathode (5.1 mm diameter, 154 mm from the cell, 1 mm off axis) (HeatWave Labs, Watsonville, CA, USA). The current across the cathode was~1.1 A. Ions were irradiated with electrons for 70 ms at 5 % energy (corresponding to a cathode potential of −2.3375 to −2.775 V). MS 3 ECD was performed following MS/MS CID (CID conditions as above). Each MS/MS ECD scan comprises four co-added microscans and each MS 3 ECD scan comprises 10 co-added microscans. ECD mass spectra shown comprise 30 average scans.
All data were analysed using Xcalibur 2.1.0 software (Thermo Fisher Scientific), and manually searched for a, b, c • /c, y, z/z′ fragment ions using ProteinProspector ver. 5.7.2 software (UCSF, San Francisco, CA, USA).
Molecular Dynamics
All simulations were performed using Amber 10 and the ff99SB-ILDN forcefield [23] . The S-nitrosylation amino acids were added manually using previously calculated parameters [24] . Peptides underwent 500 cycles of steepest descent followed by 500 of conjugant gradient minimization followed by heating in a stepwise manner from 0 K up to 325 K. Each heating step consisted of 10,000 steps of 0.5 fs each (nstlim010000, dt00.0005), using a Langevin thermostat (ntt03, gamma_ln01.0) with no interacting solvent (igb00). The production simulation was at 325 K for a total of 500 ns (100 stages of 5 ns containing 2,500,000 steps of 2 fs each), again using a Langevin thermostat with no interacting solvent. Clustering of the peptide structures obtained in 100 ns windows was completed using kclust (a k-means algorithm implemented in the MMTSB tool set [25] ), using a 3 Å radius. The most representative structure (i.e., that with the lowest RMSD from the average structure for the cluster) found within the top (i.e., most abundant) cluster was then identified. The most representative structures from each 100 ns window were compared with each other using the RMSD calculator extension in visual molecular dynamics (VMD) to ensure that the final structure at 500 ns was fully converged. The surface accessibility of atoms and residues was calculated using a spherical probe of radius 1.4 Å using naccess and atom-to-atom distances were calculated using VMD. Figure 1 and Supplemental Figure 1 show the mass spectra obtained following ECD of the S-nitrosylated doublyand triply-charged peptide ions. With the exception of NYC NO GLPGERWLGNDR and NYC NO GLPGEKYLGNDK (Figure 1b and c) , there is a striking lack of backbone fragmentation for the doubly-charged peptides compared with their unmodified counterparts (Supplemental Figure 2) . In all cases, the most abundant peak corresponds to the neutral loss of
Results
Electron Capture Dissociation of S-Nitrosylated Peptides
+ from the charge-reduced ion. Dominant
• NO neutral loss is observed following CID of Snitrosopeptides [5, 22, [26] [27] [28] , which might suggest a thermal process is occurring; however, no loss of + ions were observed when the energy of the electrons was reduced (Supplemental Figure 3) .
The loss of
• NO can be explained by a modified UW mechanism, see Scheme 1. In this mechanism, initial electron capture to a high-n Rydberg state of the protonated basic amino acid residue or protonated N-terminus occurs followed by electron transfer to the RS-NO σ* orbital. Cleavage of the S-NO bond is followed by proton abstraction from an accessible site. Theoretical studies have suggested that the electron is captured directly into the S-S σ* orbital in 1 %-10 % of cases [29] , and that may also be true for the S-NO σ* orbital. Once the radical NO has been lost, the remaining species is even-electron and would not dissociate. Recent quantum calculations have shown the weakness of the S-N bond in S-nitrosothiols is due to delocalization from the oxygen lone pair into the S-N σ* orbital [30] (i.e., the S-N σ* orbital is stabilized). Transfer of the electron to the S-N σ* orbital would therefore be in competition with transfer to a Coulomb-stabilized amide π* orbital.
Electron capture by the two doubly-charged nitrosylated peptides containing a single basic residue (Supplemental Figure 1a and b) resulted in small ammonia losses. The ammonia loss appears to originate from the site of protonation (N-terminus) at which the electron was captured [31] . (Further evidence for the site of electron capture comes from the uniquely C-terminal backbone fragments observed for NYC NO GLPGEYWLGNDK). That is, electron transfer to the S-N σ* orbital or an amide π* orbital has not occurred. The ECD mass spectra ( Figure 1 , the ECD spectra which contained backbone fragments also contained peaks corresponding to the loss of SNO from the chargereduced species. The presence of these peaks is evidence for a mobile radical. Scheme 2 shows the proposed pathway for loss of SNO: hydrogen abstraction results in the formation of a radical at the α position of the nitrosocysteine residue and cleavage of the C β -S bond.
The ECD behavior of the nitrosylated peptides covers a spectrum, from dominant electron transfer to the S-N σ* orbital (in most cases) to a relatively even competition between transfer to the S-N σ* orbital and an amide π* orbital. In order to explain these behaviors, we considered the molecular structures of the peptides generated by molecular dynamics simulations, measuring the distance between groups of interest and their surface accessibility from the most representative structures. For [NAC NO ) in the Cterminal region of the peptide. For this species, backbone fragments were observed between Cys3 and Lys14. These data suggest that the observed backbone fragmentation is the result of limited accessibility of the protonation site. Either this limited accessibility inhibits electron transfer to the S-N σ* orbital or directs electron transfer to the amide π* orbital following electron capture at the protonation site, or these interactions increase the Coulomb stabilization of the amide π* orbital making electron transfer to that orbital more competitive. Molecular models for the remaining doubly-charged peptides were generated (Supplemental Figure 4a-d) . The models support the above conclusions, with the exception of [NYC NO GLPGEYWLGNDK + 2H] 2+ . For that species, protonated Lys14 is buried (the surface accessibility of the polar atoms in the side chain was 18 Å 2 ) in the C-terminal region of the peptide however no fragments from that region were observed. However, as discussed above, the observed ammonia loss suggests that electron capture occurs at the N- 3+ where it is the second most abundant. Second, very few doubly-charged peptide backbone fragment ions are observed, and for the majority of the peptides, singlycharged backbone fragments have lost • NO. Third, as for the doubly-charged ions, NYC NO GLPGERWLGNDR and NYC NO GLPGEKYLGNDK behave differently from the other S-nitrosylated peptides in that backbone fragments, which retain the modification are observed.
The first two points can be explained by the modified UW mechanism proposed above (i.e., electron capture is followed by transfer to the S-N σ* orbital in direct competition with transfer to an N-Cα π* orbital). The results for NAC NO GAP-GEKWAGNDK, NYGLPGC NO EKWYGNDK, and NYGLP-GEKWYGC NO NDK suggest that initial electron capture results in
, followed by secondary electron capture/transfer to the N-C α π* leading to 'typical' peptide backbone fragments, thus producing singlycharged fragments, all of which exhibit NO loss, and no doubly-charged backbone fragments.
The results for triply-charged NYC NO GLPGERWLGNDR and NYC NO GLPGEKYLGNDK (Supplementary Figure 1f and g, respectively) suggest a more even competition between transfer to the S-N σ* orbital and an amide π* orbital. The molecular structures predicted from molecular dynamics for the triply-charged species are shown in Supplemental Figure 4e -i. It is important to note that the MD simulations do not appear to have resulted in a fully converged structure for all the triply charged peptides: multiple clusters are present after 500 ns in all cases and RMSD analyses between the most representative structures between the time windows were 91 Å for four of the five peptides. As such it is difficult to draw any conclusions about the variations in behavior from these structures; however, as expected, the triply-charged peptide ions have more extended structures than their doubly-charged counterparts and since through-bond electron transfer rates have been shown to be dependent on distance [32] it may not be possible for an electron to transfer to the S-N σ* orbital due to the distance from the site of capture.
Collision-Induced Dissociation of S-Nitrosylated Peptides
The collision-induced dissociation mass spectra of the nitrosylated peptides are shown in Supplemental Figure 5 . For the doubly-charged precursors, as observed by Hao and Gross [5] , the dominant fragmentation channel is homolysis of the S-N bond to form a long-lived radical and 2+ also resulted in y 7 and b 14 fragments, both of which derive from cleavage at the arginine residues and can be explained by the basicity of arginine in relation to the mobile proton model [33] [34] [35] .
CID of the triply-charged precursors gave more extensive fragmentation. All of the peptides which contained tryptophan fragmented at that residue to give c and y ions. The c ions were particularly intense, with the exception of the peptide that contained two arginine residues. Four of the five peptides fragmented to give abundant [z 14 -
• NO] 2+ ions (i.e., cleavage adjacent to the N-terminal asparagine residue). Backbone fragmentation is discussed in more detail below.
MS3: CID-ECD of S-nitrosylated peptides
The ECD mass spectra of the stable radical peptide ion following • NO loss generated by CID can be seen in Figure 3 and Supplemental Figure 6 . The nature of the cysteine radical has been the subject of a number of studies. On formation, the radical resides on the sulfur atom (the distonic structure). Both Zhao et al. [36] and Ryzhov et al. [22] , calculated that the most stable structure was the result of hydrogen atom transfer from the α-carbon giving an α-radical stabilized by the captodative effect [37] . Nevertheless, gas-phase IR spectroscopy by Fornarini and co-workers revealed the long-lived distonic structure of the radical [28] . More recent work by Ryzhov and co-workers [27] suggests that radical migration to the α-carbon does occur. A comparison of the reactivity of the N-acetyl cysteine radical generated by in-source CID with that generated by ion trap-CID, together with IR spectroscopy of the species generated in source, suggested that within the timescale of the experiments~30 % conversion to the α-radical occurs. More recent work has focused on larger species; Zhao et al. [38] studied the tripeptide glutathione [Glu-Cys-Gly] radical ion and found that the sulfur radical readily converts to the N-terminal α-carbon radical. Osburn et al. [39] showed that radical transfer from the sulfur atom to the α-carbon is sequence specific. Whereas limited transfer was observed for the dipeptide radical ion Cys-Gly, radical transfer was facile for Gly-Cys.
In our experiments, the radical ion was generated by ion trap CID and so we hypothesise that, at least initially, the distonic structure will dominate. ECD of [NYC resulted in 92.9 % and 57.1 % coverage, respectively. If the radical underwent transfer to the α-carbon, as discussed above, we might expect some radical migration throughout the peptide backbone leading to c/z ion formation [40] . Nevertheless it should be noted that if radical transfer were sufficiently slow, the ions may have cooled and would not necessarily dissociate. As no fragmentation was observed, we conclude that either the radical site remains on the sulfur atom, or migrates without dissociation, and postulate that following initial capture at the N-terminus, the electron undergoes through-bond or throughspace transfer to the partially occupied orbital at the radical site, precluding any further radical directed fragmentation.
The ECD mass spectra of [NAC peptide sequence coverages (78.6 %, 64.3 %, and 85.7 %, respectively), which are comparable to those obtained from their unmodified counterparts (85.7 %, 92.9 %, and 85.7 %, respectively) (Supplementary Figure 2c, d , and e). There are two possible explanations for their ECD behaviour. First, radical migration to the α-carbon precedes migration along the peptide backbone and backbone fragmentation (i.e., it is possible that the differences in the sequences of these peptides enable radical transfer, as seen by Osburn et al. [39] ). Alternatively, there is competition between transfer of the captured electron from one of the basic residues to the radical site and to a Coulomb-stabilized amide π* orbital. In 3+• , respectively), following electron capture by the radical peptides and their unmodified counterparts. In all cases, the relative intensity of the ECnoD peak is greater for the radical peptide than its unmodified counterpart. This increase does not appear to be significant for peptides NYC
• GLPGERWLGNDR and NYC • GLPGEKYLGNDK, both of which gave considerable backbone fragmentation. These results further support the proposal that following electron capture, competition exists between transfer to the sulfur radical and a Coulomb-stabilized amide π* orbital.
MS3: CID-CID of S-nitrosylated peptides
CID mass spectra of the radical peptide ions obtained following initial CID of the S-nitrosopeptide are shown in Figure 5 and Supplemental Figure 7 . A number of fragmentation channels are observed including losses of amino acid side chains and backbone cleavage. CID of the doubly-charged radical peptide ions ( Figure 5 ). The mechanism for this loss, suggested by Julian and co-workers [43] , is abstraction of the γ-hydrogen from the leucine side chain followed by homolysis of the C α -C β . As discussed above, the initial structure of the radical peptide likely comprises the sulfur radical; however, migration to the α-carbon may occur following collisional activation. Either of these radicals may be responsible for the γ-hydrogen abstraction, which precedes C 4 H 8 loss.
Losses of
• CH 2 NO (specifically
from the side chain of asparagine have also previously been observed in ECD mass spectrometry [42] . The proposed mechanism involves abstraction of the α-hydrogen and homolysis of the C β -C γ bond [44] . Asparagine has the lowest Cα-H bond dissociation enthalpy (BDE) of all the essential amino acids [45] , thus explaining the apparent favored migration of the radical from the sulfur to the asparagine α-carbon. , which may suggest that radical migration to one or either asparagine is affected by the location of the protons within the peptides.
Losses of
• SH were observed following CID of all of the doubly-charged radical peptide ions studied here. These losses were also observed in the MS 3 experiments of Hao and Gross [5] , but were not observed following fragmentation of cysteine radical cations [22] . In the latter case, losses of H 2 S were observed. Loss of
• SH can be explained by a similar mechanism to that for loss of the Asn side chain. The initial step involves migration of the radical from the sulfur to the cysteine α-carbon. Subsequent homolysis of the C β -S bond results in a dehydroalanine residue and
• SH, see Scheme 3. CID of the radical peptide ions lead to radical-driven peptide backbone fragmentation and the formation of a, c, and z fragment ions. Hao and Gross [5] observed radicaldriven cleavage adjacent to Ser and Thr residues. The peptides studied here do not contain those residues and radical-driven cleavage (a and c fragments) is observed adjacent to tryptophan and tyrosine residues. The mechanism proposed is abstraction of a β-hydrogen followed by cleavage of either the N-Cα bond (to give the c fragment) or the Cα-C O bond (to give the a fragment). • . Favorable fragmentation of the N-Cα bond of tryptophan and tyrosine residues in radical peptide ions generated following CID of copper (II) ternary complexes has also been observed by Siu and co-workers [46] . The β C-H bond dissociation enthalpy for tryptophan is the lowest (by 920 kJ/mol) of all the essential amino acid residues [44] . Tyrosine has the fourth lowest BDE, and the second lowest of the amino acids contained in the peptides studied here. The only peptides that did not exhibit radical-driven backbone fragmentation were [NYC GLPGERWLGNDR], all the peptides fragmented to give the z 14 2+ fragment. In most cases, this fragment results from cleavage adjacent to a tyrosine residue and could be explained by β-hydrogen abstraction from the tyrosine residue as discussed above; however, the fragment was also observed in high abundance for peptide [NAC
• GAPGEKWAGNDK], suggesting that the asparagine residue and/or adjacent N-terminus directs the cleavage. The β C-H BDE of asparagine is unremarkable, lying at the approximate midpoint of the range of amino acid β BDEs [44] . However, as mentioned above, asparagine does have the lowest α C-H BDE. It is possible that the asparagine α radical fragments either via loss of the side chain (see above) or via cleavage of the peptide backbone. It is also worth noting that the most stable structures for the glutathione radical [38] and the Gly-Cys radical [39] were the Nterminal α-carbon radicals.
Surprisingly, no radical-driven backbone fragmentation was observed following CID of [NYC • GL PGERWLGNDR + 2H] 2+• ions. Previous work by Laskin and co-workers [47] on singly-charged arginine-containing radical cations revealed that radical-induced dissociation was promoted over charge-directed dissociation [33] [34] [35] due to sequestration of the proton on the arginine residue. : the CID mass spectrum of the Arg-containing peptide is dominated by side chain losses and c/z fragments, whereas that of the Lys-containing peptide is dominated by the y 10 fragment. Theoretical calculations of GRW radical cations by Chu and co-workers revealed that the presence of arginine facilitated radical migration [48] . The CID spectra of [G
• RW] + 
and [GRW]
•+ were very similar and both contained a and c fragments. The energy barriers for isomerization of the radicals were comparable to those for their dissociation. It is possible, therefore, that in the [NYC 
Conclusion
We have investigated the radical ion chemistry of a suite of S-nitrosylated peptides. ECD of doubly-charged Snitrosylated peptides resulted in a striking reduction in backbone cleavage when compared with their unmodified counterparts. Greater sequence coverage was obtained for triply-charged S-nitrosylated peptides. Nevertheless, our results suggest that ECD is not a suitable technique for localization of S-nitrosylation in doubly-and triplycharged peptides. The ECD mass spectra were dominated by a peak corresponding to the loss of • NO from the charge-reduced precursor. That loss can be explained by a modified UW mechanism. Molecular dynamics simulations provided insight into the competition between electron transfer to the S-N σ* orbital and an amide π* orbital in these peptides. It appears that the surface accessibility of the protonation site influences the fragmentation behaviour i.e., the greater the interaction between the proton and the peptide backbone, the greater the Coulombic stabilization of the amide π* orbital, resulting in higher backbone sequence coverage.
The dominant fragmentation pathway in the CID of the S-nitrosylated peptides was homolysis of the S-N bond to form a long-lived radical with loss of
• NO. The radical peptide ions were isolated and subjected to ECD and CID. For ECD, the dominant pathway was electron capture with no subsequent dissociation (i.e., ECnoD). Some backbone cleavage was observed for some species. The results suggest a competition between transfer of the captured electron to the partially-filled sulfur orbital and to an amide π* orbital. CID of the radical peptide ions resulted in losses of amino acid side chains and both radical-induced and charge-directed backbone fragmentation.
